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The Rate Dependence of Structure Evolution in Copper and its Influence on the
Stress-Strain Behavior at Very High Strain Rates

P.S. Follansbee, Los Alamos National Laboratory, Materials Science and
Technology Division, Los Alamos, NM., USA

Introduction ‘

A constitutive description of the deformation copper based on the internal-
state-variable model of Kocks (1) and Mecking and Kocks (2) has recently been
proposed (3). This model uses the mechanical threshold stress, or flow stress
at 0 K, as an internal-state variable that represents a mechanical measure of
the microstructural state. Another feature of the model is that evolution of
the internal-state variable (structure evolution) is treated separately from
the determination of the strain-rate and temperature dependent flow stress for
any microstructural state. This treatment was motivated by the observation in
polycrystalline copper ggat_Ehe yield stress at any standard strain rate and
temperature (e.g., ¢=10 5 and 295 K) on samples prestrained at room
temperature to a constant strain varied with the struain rate of the prestrain
process, This is illustrated in Fig. 1 which,6 shoys the stress-strain histories
for specimens defgrmg? at é=1.4%x10 " and é=10" s ° to a strain of e=.15 and
reloaded at é=10 ~ s and 295 K. The reload yleld stress on the sample
deformed at the high strain rate exceeds that for the sample deformed at the
low strain rate by 45 MPa. These data illustrate the strain-rate history
effact that has been reviewed recently by Klepaczko and Chiem (4). Figure 2
shows the variation of the reload yleld stress wggh §Erain rgte_for samples
deformed again to ¢=0.15 at strain rates from 10 s tq 191 s . It is
evident in this figure that at strain rates exceeding 10~ s the strain-rate
history effect becomes more pronounced; that is, the straln-rate sensitivity,
measured at constant strain in this plot, increases dramatically at high strain
rates. This is the same increased strain-rate sensitivity that is found in a
plot of flow stri:ss at the prestrain strain rate (rather than at the reload
strain rate) versus strain rate. These data indicate that the increased
strain-rate sensitivity found at these strain rates is not due to a change in
the rate controlling deformatinn mechanism but rather is a strain-rate his:ory
effect.

Ir previous studies we have quantified these cbservations (5) and have fit the
hehavior to the Kocks/Mecking internal-state-variable constitutive model. The
purpose of the work reported here is to add the influence of dislocation drag
(phonon drag) at high stralin rates and to extrapolate the model beyond the
strain-rate regime to which it has been fit,

The Modal

For any microstructural state, represented by the mechanical threshold stress
6, daformation s assumed to be controlled by the thermally activated
interactions between mobile dislocations and forest dislocations and to be
described by & phenomenological law of the form (3)

- KT log l€o/g) 132
F = a (& (- )
= o + (0 -0) Jo M4
where o i{s the applied stress, o s an athermal stress representing the long-

range stress fleld (e g., with g?nin boundarles, ete.), k ts the Boltzmann
constant, T {s the temperature, ¢ s a constant, ¢ {s the strain rate, § s
the normalized total activation oﬁvrgy, # 18 the polycrystalline Hhonrlmnayluq
and b {s the Burgers vector. The constants o , éo' and By (A0 MPa, 10" s °,

and 1.6, respectlively) are assumed not to vary,
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Evolution of the structure parameter 5 1s considered as the balance between
dislocation accumulation and dynamic recovery and the strain-hardening rate
f=do/de is used to characterize the differential variation of the structure
parameter with strain. We assume that the structure will eventually saturate
at a strain-rate and temperature dependent stress ¢ _, leading to a zero rate of
strain hardening and we model the strain-hardening gqpavior using an equation
of the form a’d"'/dg - ©= 6 [’_ £ (r—o’o )] (2)
63 —€o
where # 1s the strain-hardening due to dislocation accumulation and the factor
F is ch8sen from experimental results to be
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This choice for F is made solely to fit the experimental results and we do not
imply any physical significance to this form. However, this F is only slightly
different from F=1, which represents Voce law behavior (1). The strain-rate
and temperature dependence of the saturation stress o 1Is introduced using a
phenomenological cross-slip model (1,6) which is writfen

L wb®a 6 /6, (+)
IOJ (5 / g“) - —I—_’—_ /OJ ( & .lc)
where ¢ , A, and o, Are constants (6.2x1010 s'l. 0.312, and 900 MPA,

respectively).

One significant difference between the form of Equ. 2 found to describe the
copper results over a wide range of strain rates and that used earlier over a
limited range of strain rates (1,2) is that at high strain rates the data fits
indicate a strain-rate dependence to the Oo term, given by

@ (MPs) = 2390 + 12 fog € co03* ¢, (5)

The linear term in t?is_expression begins to contribute significantly at strain
rates exceeding 3x10° s 1 which ylelds the strong hiatory dependence or
constant-strain, strain-rate senslitivity found at these high st:gin_fates.
Clearly, Equ. 5 can not be valid at straln rates greater than 10 s = because
the 00 term rises above the shear modulus at this strain rate. Thus for
predictions at strain rates greater than this, the maxifmum # value will bhe
restricted to the shear modulus. We do not understand the ogigin of the
enhenced dislocatlion generation rare but speculated in (3) that the dislocat!on
storage distance might become dislocation velocity, or phonon dcag, limited at
these strain rates. The addition of phonon drag controlled deformation to the
model, which {s the subject of the next sectlon, appeais tc shed further 11ight
on this {ssue.

Dislocation Drap Controlled Deformation
The procedure to combine the klnetics of dlsloacation drag controlled
deformat{on with those for thermally activated controlled deformation l.as been
described previously. (7,8,9) Genaerally these analyses apply the wall known
relation between straln rate, mobile dislocation density p , and average
dislocation velocity V, which ls written m
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where a is a constant of order 0.5, A is the mean distance between obstacles,

t 1s the time spent walting for thermal energy to assist a dislocation past an
ogstacle, t_ 1s the tiTe spent running to the next obstacle, Yo i1s the jump or
attempt frequency (10"~ s "), and AG Is the activation energy, which can be
deduced from Equ. 1. The running time 1s the mean distance between obstacles
divided by the drug controlled velocity, which vields

o
% ™MBam . e (lE
a

where M is a Taylor factor and B is the drag coefficlent. To restrict the
dislocatigyzvelocity to values less than the shear wave velocity

(Cs-(p/p) =2170 m/s at 295 K) we replace the constant drag coefficient with
an effective drag coefficient,

2R
°= [ = TN [+ (&R @

where BD is the drag coefficient deduced from ultrasonic or etch pit techniques
(B =4.3x10 Pa s). The value of ) is the only remaining unknown and for this
we wlll Iinvestigate two possibilities; the first assumes that A 1Is a constant
while for the second we assume that

l oA M b
_ o oMb ¢
A = VF 3 .
1. X Constant

Equation 7 with Equ. 8 can be substituted for Equ. 1 and solved for the flow
stress for any combination of strain rate, temperature, and mechanical
threshold stress. Predictions for the variation of the flow stress with strain
rate as a function of strain are shown in Fig. 3 for A=l pm gTd A=0.1 um. The
gradual increase in strain-rate sensitivity found at é-10" s is due to the
rapid evolution predicted in Equ.. 5. ,The dramatic 1ncreasg lglstrain-rate
sensitivity found at roughly é=10" s for A=1 um and é=10" s fecr A=0.1 um is
due to the contribution of rdislocation drag to the deformation kinetics. As
expected, the strain rate where dislocation drag begins to limit deformation 1is
Inversely related to the assumed average spacing between obstacles.

(7)

2. ) Determined from Equ. 9

A more realistic treatment is to assume that the average spacing between
obstacles 1s inversely related to the square-root of the total dislocation
density, as given in Equ. 9. This allows for the value of A to vary wlith
strain as well as with straln rate and temperature. The predicted variation of
the flow stress at ¢=0.10 with strain rate is shown in Fig. 4. The different
regimes of behavior are jidentified in this figure and the trends in absence of
a relativistic limit to the dislocation velocity and in absence of dislocatino
drag effects completely also are illustrated. At strain rates exceeding é=10
s the strain-rate sensitivity is predicted to abruptly decrease as the
strain-hardening rate due to dislocation accumulation is restricted to the
value of the shear modulus. Figure 5 gives the predicted behavior as a
function of strain. It 1is evident that an actual yleld drop 1s predicted.
This is more clearly showg 191F1g. 6 which glves stress-strain curves for
sgIain rates from 1 to 100 8 . The yleld drop found at strain rates of 210
8 is due to the low total dislocation density and the high value of A
predicted initially, Deformatfon at low strains and high straln rates, thus, s
in the dislocation drag controlled regime which leads to the high init{al
stress levels.

Discussion A -1
The behavior shown in Figs. 3-6 at atrain rates less than |0 =« represents a



fit cf the modeling procedure outlined earlier to an extensive series of data.
At higher strain rates, the predicted behavior is found by extrapolating the
model beyond the regime to which it has been fit. Such extrapolations are
valid only if the physical deformation processes that have been modeled remair
the same. Although experimental results at the higher strain rates required to
test the predictions are difficult to obtain, Fig. 7 shows one compgriggn with
two results of Clifton on similar materlal at a strain rate of 5x10™ s . (10)
The predicted behavior at very low strains differs markedly from that mcasured,
but it is unclear whether a yield drop such as that predicted could be resolved
in this experiment. The devliations between experiment and predicted behavior
at larger strains are not serious when the difference in stress state between
the pressure/shear experiment and the uniaxial compression experimental results
used to fit the model 1s accounted for through a Taylor factor. One feature of
the experimental results which is predicted is the apparent lack of strain
hardening at strains exceeding ¢=0.10. This is a result of the rapid strain-
hardening rate at low strains and thus the early saturation of the dislocation
substructure. This indicates that at high straln rates the stress-strain
curves tend toward perfect plastic behavior. This trend illustrates one of the
limits imposed by the physically-based modeling procedure described earlier.
Another limit is that imposed by the shear modulus on the dislocation
accumulation rate, or 90, in E u._?. which as shown in Figs. 4 and 5, begins to
influence the behavior at é=10 s

The curves in Figs. 3-5 indicate a limit to the imposed strain rate that can be
sustained by the deformation mechanisms considered ;n ETe nodel. For the
curves in Figs. 4 and 5, thls limit 1is roughly ¢=10" 8 ~. It is expected that
when the stress begins to rise as abruptly as shown in these figures,
deformation twinning or localized deformation in the form of shear bands may
begin to contribute to the deformation process.

The high stresses found near yleld at strain rates exceeding 103 s'l were
described as resulting from the low initial dislocation density and the
influence of dislocation drag on the stress required to move these dislocations
at the required high velocities. Yield drops such as those shown in Fig. 6 are
more typical of bcc metals, and indeed the explanation of this behavior
generally focuses on the low initial mobile dislocation density. Models for the
yleld region that combine an assumed dislocation generation law and the
experimentally measured stress dependence of the dislocation velocity have been
previously proposed.(ll) Yleld drops also have been observed in fcc metals
(12) and, although thelr presence i{s often argued to be an esperimental
artifact, experiments by Harding indicated that the measured high yleld
stregsses and subszequent yield drops were a true material response to the
imposad dynamic loading conditions. (12)

The significance of the predicted yleld behavior shown In Fig. 6 is thatjthe_-.1
high yleld stres«es In copper are not generated unti) straln rates of 10” s

are ~xceeded. This currelates well with the Iincreased dislocation accumulation
rate expressed by Equ. 5 which was found to explain the ircreased strain-rate
senei{tivity at high strain rates. Thus, whereas we speculated previously (3)
about the mechani{stic processes that could lead to the observed rapid
dislocation generation rates, the predictions shown in Fig. 6 suggest that the
high initlal stresses may directly be responsible for thils behavior. The
stress to operate a dislocation source, for instance, is related to the
dislecation line tensfon T and the spacing between obstacles L by

.
d‘ : — - gy
b L (10)



From this relation, o1e could predict that the high initial stress levels at
high strain rates would activate sources that would have remained inactive at
lower strain rates, which could explain che observed rapid dislocation
accumulation rate. The model presented earlier, and in particular the
expression given for the dislocation accumulation rate in Equ. 5, does not
account for the stress dependence of § . This likely would be difficult to do
without a detailed understanding of th® distribution of loop lengths that could
be activated and the evolution of this distribution with strain.

Conclusions

A model for the deformation of copper over a wide range of straln rates has
been modified to account for the contribution of dislocation drag at high
strain rates. The maln effect of adding Shiglmechanism is found in the near
yleld region gt §frain rates exceeding 10° s ~. However, even at strain rates
as high as 107 s = the rate controlling deformation mechanism at strains
greater than roughly e¢=0.1 is thermal activation. It is postulated that the
high stresses predicted at yield when the strain rates are raised above 10~ s~
may lead to the rapid dislocation accumulation rates that have been found
experimentally and which lead to the increased strain-rate sensitivity reported
for copper and other metals at these strain rates.
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Flgure Captions

Fig. 1: Dynamic and quasi-static stress-strain curves for copper
followed by quasi-static reload stress-strain curves.

3

Fig. 2: Reload yield stress (é=10" s-l) versus prestrain strain

rate.

Fig. 3: Stress at constant strain versus strain rate for
constant X,

Flg. 4: Stress at e=0.10 versus strain rate for A given by Equ.
9.

Fig. 5: Stress at constant strain versus straln rate for A given
by Equ. 9.

Fig. 6: Predicted stress-straln curves for various constant
strain rates.

Fig. 7: Predicted stress-strain curve at é-5x105 s-1
comparison with measurements by Clifton.
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